Seven P2X purinergic receptor subunits have been identified: P2X1-P2X7. The overlapping expression of P2X2, P2X4 and P2X6 subunits has been shown in different cell types, and functional analysis of P2X receptors in Leydig cells suggests that the three subunits might interact. Here, His 6 -tagged P2X2, HA-tagged P2X4 and FLAG-tagged P2X6 subunits were co-expressed in tsA 201 cells. After sequential co-immunoprecipitation using anti-HA and anti-FLAG beads, all three subunits were present, demonstrating their interaction. Atomic force microscopy (AFM) imaging revealed receptors that were specifically decorated by both an anti-His 6 antibody and an anti-HA Fab fragment, indicating the presence of a P2X2/4/6 heterotrimer. To our knowledge, this is the first report of a P2X receptor containing three different subunits.
Introduction
P2X receptors are built from three subunits, and respond to ATP by opening a cation-selective ion channel [1] [2] [3] [4] [5] . There are seven types of P2X receptor subunit (P2X1-P2X7), and all except P2X6 are able to function as homotrimers [6] . In addition, some subunit combinations, such as P2X1/P2X2 [7] and P2X2/P2X3 [8] , appear to form heteromeric receptors. Using atomic force microscopy (AFM) imaging, we have shown that P2X2 and P2X6 subunits also form heteromeric receptors, with a flexible subunit stoichiometry determined by subunit expression levels [9] . In contrast, we found that although the subunit combinations P2X2/P2X4 and P2X4/P2X7 coimmunoprecipitate, they do so in the form of dimers of homotrimers, rather than receptor heteromers [10] .
P2X2, P2X4 and P2X6 subunits are co-expressed in cerebellar Purkinje and hippocampal CA1 neurons [11] , and in Leydig cells [12] . In Leydig cells, ivermectin causes an increase in peak current at low ATP concentrations, as is seen with P2X4 homomers; however, the reduction in peak current observed at higher ATP concentrations would appear to rule out the presence of P2X4 homomers.
As mentioned above, P2X2 and P2X4 do not seem to be able to assemble as heteromers. Further, the lack of effect of abMeATP in Leydig cells argues against the presence of P2X4/P2X6 heteromers. The existence of endogenous P2X2/P2X4/P2X6 heteromers was therefore suggested [12] . Here, using a combination of biochemical analysis and AFM imaging, we show that P2X2/P2X4/ P2X6 subunits can indeed co-assemble to produce heteromeric receptors. To our knowledge, this is the first report of a P2X receptor containing three different subunits.
Materials and methods

Expression, solubilization and purification of P2X receptors
The following constructs were used: rat P2X2 in pEGFP-N1 (Clontech), which adds an enhanced green fluorescent protein (GFP) tag to the C-terminus; rat P2X2 in pcDNA3.1/His (Life Technologies), which produces a protein tagged at its N-terminus with the His 6 epitope; rat P2X4 with a C-terminal hemagglutinin (HA) tag in pEGFP without the GFP tag; rat P2X6 in pcDNA3.1/His, which produces a protein tagged at its N-terminus with the His 6 epitope; and rat P2X6 with an N-terminal FLAG tag in pcDNA3. Abbreviations: AFM, atomic force microscopy; HA, hemagglutinin 5% CO 2 /air. Transient transfections were carried out using calcium phosphate precipitation. A total of 250 lg of DNA was used to transfect cells in 5 Â 162 cm 2 culture flasks. For co-transfections, equal amounts of DNA for each construct were used, up to a total of 250 lg. After transfection, cells were incubated for 48 h at 37°C to allow protein expression. Protein expression and intracellular localization were checked using immunofluorescence analysis of small-scale cultures (i.e. cells growing on coverslips). Cells were fixed, permeabilized and incubated with appropriate primary antibodies: mouse monoclonal anti-HA (Covance), rabbit polyclonal anti-His 6 (Research Diagnostics Inc.), and mouse monoclonal anti-V5 (Life Technologies), followed by Cy3-(Sigma), fluorescein isothiocyanate-(Sigma) or Alexa 647-conjugated goat secondary antibodies (Research Diagnostics, Inc.). Cells were imaged by confocal laser scanning microscopy.
Crude membrane fractions prepared from transfected cells were solubilized in 1% (v/v) Triton X-100 for 1 h, before centrifugation at 62 000Âg to remove insoluble material. Solubilized material was incubated with anti-HA-agarose beads (Sigma-Aldrich) followed by anti-FLAG-agarose immunobeads (or the other way round) for 3 h each. For each step, the beads were washed, and bound protein was eluted with either HA or triple-FLAG peptide (100 lg/ml), as appropriate. Immunoprecipitates were analysed by SDS-PAGE followed by immunoblotting with mouse monoclonal anti-HA, mouse monoclonal anti-FLAG (Sigma) and rabbit polyclonal anti-P2X2 (Alomone) antibodies. Immunoreactive bands were visualized using enhanced chemiluminescence.
AFM imaging
Isolated proteins were incubated overnight with either mouse monoclonal anti-HA Fab fragment (prepared from anti-HA antibody by papain cleavage, using a kit purchased from Thermo) plus mouse monoclonal anti-His 6 antibody (Research Diagnostics Inc.), mouse monoclonal anti-HA Fab alone or mouse monoclonal anti-V5 Fab plus mouse monoclonal anti-Myc antibody (Life Technologies). Proteins were diluted to a final concentration of 0.04 nM, and 45 ll of the sample was allowed to adsorb to freshly cleaved, poly-L-lysine-coated mica disks. After a 5-min incubation, the sample was washed with Biotechnology Performance Certified-grade water (Sigma-Aldrich) and dried under nitrogen. Imaging was performed with a Bruker Multimode microscope controlled by a Nanoscope IIIa controller. Samples were imaged in air, using tapping mode. The silicon cantilevers used had a drive frequency of $300 kHz and a specified spring constant of 40 N/m (Olympus). The applied imaging force was kept as low as possible (A s / A 0 $ 0.85).
The molecular volumes of the protein particles were determined from particle dimensions based on AFM images. After adsorption of the proteins onto the mica support, the particles adopted the shape of a spherical cap. As described previously [13] , the heights and radii were measured from multiple cross-sections of the same particle, and the molecular volume was calculated using the following equation
where h is the particle height and r is the radius. Molecular volume based on molecular mass was calculated using the equation
where M 0 is the molecular mass, N 0 is Avogadro's number, V 1 and V 2 are the partial specific volumes of particle (0.74 cm 3 /g) and water (1 cm 3 /g), respectively, and d is the extent of protein hydration (taken as 0.4 g water/g protein) [3] .
Selection of binding events
Several criteria were used to identify P2X2/P2X4/P2X6 complexes. Heights and radii were measured for all particles, and the particle volumes were calculated. Bound particles needed to have a molecular volume between 47.5 and 140 nm 3 , and 220 and 570 nm 3 , which were the experimentally determined volume ranges for an antibody Fab fragment and an antibody, respectively. A cross-section was drawn through the junction between the P2X subunit and the adjacent binding particles, and the height of the lowest point between receptor and binding particle was measured. This height needed to be greater than 0.3 nm for the particle to be considered bound. Any particle was rejected if its length was greater than twice its width. To be considered a double binding event, all particles and both binding events needed to meet all of the above criteria.
Statistical analysis
Histograms were drawn with bin widths chosen according to Scott's equation
where r is an estimate of the S.D. and n is the sample size [14] .
Where Gaussian curves were fitted to the data, the number of Fig. 1 . Expression of P2X2, P2X4 and P2X6 receptors in tsA 201 cells. Cells were cotransfected with DNA encoding P2X2-GFP, P2X4-HA and His 6 -P2X6 in various combinations, as indicated. Cells were fixed, permeabilized and incubated with appropriate primary and secondary antibodies, followed by confocal laser scanning microscopy. P2X2 was detected through its GFP signal; P2X4-HA was detected using a mouse monoclonal anti-HA antibody, and P2X6-His 6 was detected using a rabbit polyclonal anti-His 6 primary antibody. For the P2X4/P2X6 co-transfection, mouse monoclonal anti-V5 antibody was used as a negative control. For the double transfections, Cy3-conjugated goat anti-mouse or goat anti-rabbit secondary antibodies were used, except for the P2X4/P2X6 co-transfection, where the antimouse secondary antibody was fluorescein isothiocyanate-conjugated. For the P2X2/P2X4/P2X6 triple transfection, the secondary anti-mouse antibody was Alexa 647-conjugated, while the anti-rabbit antibody was Cy3-conjugated. Scale bar, 20 lm.
curves was chosen so as to maximize the r 2 value while giving significantly different means using Welch's t-test for unequal sample sizes and unequal variances [15] .
Results and discussion
In an initial experiment, protein expression and intracellular localization were checked using immunofluorescence analysis of small-scale cultures. Cells expressing various combinations of P2X receptor subunits (P2X2/P2X4, P2X2/P2X6, P2X4/P2X6 and P2X2/P2X4/P2X6) were fixed, permeabilized and incubated with appropriate primary antibodies, followed by fluorophore-conjugated secondary antibodies. Cells were imaged by confocal laser scanning microscopy. As shown in Fig. 1 , the immunostaining and transfection patterns coincided exactly, and the absence of a particular subunit led to a negative staining signal. The majority of co-transfected cells expressed each of the transfected subunits, and in all cases the proteins appeared to be present throughout the cell.
A detergent extract of cells co-expressing His 6 -P2X2, P2X4-HA and FLAG-P2X6 was subjected to sequential anti-HA and anti-FLAG immunoaffinity chromatography steps (Fig. 2) . The first (anti-HA) step would be expected capture any protein complex containing P2X4-HA, while the second (anti-FLAG) step would capture complexes containing both P2X4-HA and FLAG-P2X6. The immunoblots showed that this was indeed the case, and also indicated that His 6 -P2X2 was also present in the second eluate. The same result was obtained when the order of the immunoaffinity chromatography steps was reversed. Fig. 2 also shows that when either FLAG-P2X6 or P2X4-HA was omitted, none of the three subunits appeared in the second eluate. These results indicate an intimate association between P2X2, P2X4 and P2X6.
The protein product of the anti-HA/anti-FLAG sequential purification was incubated with an anti-His 6 antibody and an anti-HA Fab fragment, which should bind to His 6 -P2X2 and P2X4-HA, respectively. The sample was adsorbed to mica, dried down and subjected to AFM imaging in air. Low-magnification AFM images showed particles of various sizes, likely including assembled P2X receptors, individual subunits, antibodies and Fab fragments. Occasionally, we observed complexes containing a large central particle decorated by two differently sized peripheral particles; an example is indicated by the arrow in Fig. 3A . A gallery of zoomed images of these complexes is shown in Fig. 3B . A frequency distribution of the molecular volumes of the peripheral particles, calculated using Eq. (1) (Fig. 3C) , shows two peaks, at 72 ± 3 (S.E.M.) nm 3 and 255 ± 4 nm 3 , close to the expected volumes for Fab fragments (95 nm 3 ) and antibodies (285 nm 3 ), calculated using Eq. (2). A frequency distribution of the molecular volumes of central particles (Fig. 3D) shows a single peak at 298 ± 11 nm 3 , close to the predicted volume of a P2X2/P2X4/P2X6 receptor ($340 nm 3 ).
To check that the antibody/Fab double decoration events were genuine, we carried out three control experiments. As shown in Fig. 2 . Co-purification of P2X2, P2X4 and P2X6 subunits. tsA 201 cells were cotransfected with His 6 -P2X2, P2X4-HA and FLAG-P2X6 constructs, as indicated. After sequential purification with anti-HA and anti-FLAG immunobeads, and vice versa, samples were analysed by SDS-PAGE and immunoblotting with mouse monoclonal anti-HA and anti-FLAG antibodies, and rabbit polyclonal anti-P2X2 antibodies. Note that samples from cells transfected with all three subunits contained all three subunits after the second purification. Table 1 , the frequency of double decoration events was reduced by about ten-fold when the receptors were imaged without antibody/ Fab incubation or following incubation with a control (anti-Myc) antibody and a control (anti-V5) Fab fragment. Interestingly, when the receptors were incubated with the positive (anti-HA) Fab fragment alone, the number of apparent double decoration events was about one quarter of that seen after anti-His 6 /anti-HA Fab incubation. The molecular mass of an antibody (150 kDa) is quite close to that of a P2X receptor ($200 kDa), making the two difficult to distinguish on the basis of volume. We suggest, therefore, that the elevated background seen with anti-HA Fab alone represents complexes containing a receptor dimer with one attached Fab fragment. Note that we have shown previously that P2X receptor trimers (including P2X2 and P2X4) have a tendency to associate with each other [10] .
In summary, our data indicate that the majority of the complexes seen following incubation of the receptors with anti-His 6 antibody plus anti-HA Fab are heterotrimeric receptors containing P2X2 and P2X4 subunits. The fact that the receptors were initially isolated using anti-FLAG immunoaffinity chromatography indicates that the receptors must also contain P2X6; hence, the three subunits must be able to associate to form a P2X2/P2X4/P2X6 heterotrimer. To our knowledge, this is the first report of a P2X receptor composed of three different subunits. The existence of this heterotrimer was predicted some time ago on the basis of the functional properties of a P2X receptor expressed in Leydig cells [12] . Given that P2X2, P2X4 and P2X6 subunits are known to be coexpressed in other cells types, including cerebellar Purkinje and hippocampal CA1 neurons [11] , it is tempting to speculate that the P2X2/P2X4/P2X6 heterotrimer might play an important physiological role.
